The early universe could feature multiple reheating events, leading to jumps in the visible sector entropy density that dilute both particle asymmetries and the number density of frozen-out states. In fact, late time entropy jumps are usually required in models of Affleck-Dine baryogenesis, which typically produces an initial particle-antiparticle asymmetry that is much too large. An important consequence of late time dilution, is that a smaller dark matter annihilation cross section is needed to obtain the observed dark matter relic density. For cosmologies with high scale baryogenesis, followed by radiation-dominated dark matter freeze-out, we show that the perturbative unitarity mass bound on thermal relic dark matter is relaxed to 10 10 GeV. We proceed to study superheavy asymmetric dark matter models, made possible by a sizable entropy injection after dark matter freeze-out, and identify how the Affleck-Dine mechanism would generate the baryon and dark asymmetries.
Introduction
There are two well-motivated possibilities for generating the baryon asymmetry at high temperatures: right-handed neutrino leptogenesis and the Affleck-Dine baryogenesis [1] [2] [3] . The Affleck-Dine mechanism utilises the fact that scalar potentials in supersymmetric (SUSY) models have nearly "flat directions". In the early universe, gauge invariant combinations of scalar fields that carry an approximately conserved global quantum number (such as baryon B or baryon-minus-lepton B − L number) become initially displaced to large field values. Once the Hubble parameter drops below a given mass scale, the associated scalar field will roll towards its minimum. If the initially displaced B-charged scalar fields have baryon number and charge-parity (CP ) violating potentials, the evolution of the field to its minimum leads to the growth of a large baryon asymmetry.
Notably, Affleck-Dine baryogenesis often leads to a baryon asymmetry much larger than presently observed. Such a large baryon asymmetry must be subsequently diluted, usually through an injection of entropy into the thermal bath and/or strong washout from sphaleron processes during a phase transition. Fortunately such entropy injection events are ubiquitous in UV completions of the Standard Model. In particular string theory typically introduces a large number of gravitationally coupled scalars which decay at late cosmological times, diluting previous particle asymmetries and relic abundances [4] [5] [6] . This motivates serious consideration of the possibility that at some point in cosmological history, there were large dilutions in asymmetries and particle number due to entropy injection. The occurrence of these large entropy dumps can significantly impact what is regarded as a target range for model building when considering the appropriate freeze-out abundance of dark matter or the magnitude of particle-antiparticle asymmetries.
Griest and Kamionkowski [7] argued that if the dark matter is ever in thermal equilibrium with the Standard Model bath, and its freeze-out annihilation cross section is required to be perturbative, then this restricts the dark matter mass to be m DM 100 TeV. An important caveat to this conclusion is that subsequent entropy production can dilute the abundance of frozen out states. Here we show that if baryogenesis occurs prior to dark matter freeze-out (as common in Affleck-Dine models), and the dark matter relic density is diluted by a subsequent entropy dump, then the bound on thermal relic dark matter from perturbative unitarity is relaxed to m DM 10 10 GeV. This relation makes manifest an intriguing connection between high scale baryogenesis and the maximum mass of freeze-out dark matter, assuming the dark matter abundance is diluted by an entropy injection.
Motivated in part by the link between high scale baryogenesis and heavy dark matter, we proceed to study models of "superheavy asymmetric dark matter," in which the dark matter relic density is determined by a particle asymmetry. We show that the presence of a moderate entropy injection, which simultaneously dilutes the dark matter number density, and asymmetries in the baryonic and dark sectors, naturally accommodates superheavy asymmetric dark matter. Intriguingly, it has been argued that the accumulation of asymmetric dark matter with mass 0.1-100 PeV in stellar objects can lead to pulsar collapse in the Milky Way galactic center [8, 9] and ignition of type-Ia supernovae [10] (see [11] for related work), both of which are open problems in astrophysics.
The paper is structured as follows; we begin in Section 2 by deriving the unitarity bound on the dark matter mass for the case of high scale baryogenesis and a period of entropy injection following dark matter freeze-out. In Section 3 we consider superheavy asymmetric dark matter models and show that sizable entropy injections which dilute both the frozen out dark matter abundance, and baryon and dark matter asymmetries permits superheavy asymmetric dark matter. Section 4 quantifies the magnitude of entropy dumps from decaying states in the early universe. Large baryon asymmetries from high scale (Affleck Dine) baryogenesis motivates large entropy dumps and in Section 5 we discuss specific implementations within our framework, with focus on generating modest hierarchies between the baryon and dark matter asymmetries. In Section 6 we present some concluding remarks and comment on possible connections to models of High Scale Supersymmetry.
Dark Matter Mass Upper Bound for Freeze-out after Baryogenesis
While the specific origin of the matter-antimatter asymmetry in the universe is presently unknown, the broad features of primordial asymmetry generation are understood. If a state carries a baryon number B, in the presence of out-of-equilibrium effects which violate B and CP , an asymmetry can arise such that there is a net number density between the baryons and antibaryons
where s is defined as the entropy density of the thermal bath and n b , nb are the number densities of baryons and antibaryons. Analogous asymmetries can arise for other global charges, and such asymmetries may also be connected to dark matter [12, 13] . It is notable that Affleck-Dine (AD) baryogenesis often leads to particle asymmetries as large as η initial B ∼ O(1), but generally no larger [14] . Indeed, as discussed in Section 5, large initial asymmetries are the typical expectation. Thus in order for the AD mechanism to yield the observed baryon asymmetry η now B ∼ 10 −10 , one requires subsequent dilutions by a factor ζ ∼ η initial B /η now B . A dilution factor ζ can arise, for example, if a heavy state decays at late times into the primordial thermal bath
where "before" and "after" indicate the entropy density of the thermal bath immediately before and after the decay of the heavy state. We shall be initially agnostic about the precise source of this entropy injection, simply parameterizing it with ζ, but we will discuss the provenance and magnitude of ζ in Section 4.
Since the freeze-out abundance Y ≡ n/s depends upon the entropy density s relative to the frozen out number density n, a late entropy injection can dilute the dark matter abundance by a potentially large factor. Crucially, observe that if this dilution occurs after dark matter has frozen out to a fixed abundance in the early universe, then the dark matter abundance will also be diluted by a factor ζ
where the observed value is Ω Relic DM h 2 0.12 [15] . As we will see, the possibility of late time entropy injection is particularly salient for heavy dark matter.
For simplicity, we will restrict our attention to the case that dark matter freezes out from a radiation-dominated universe, 1 with an abundance that is later diluted by a factor ζ. The evolutions of particle abundances Y are customarily tracked with respect to the dimensionless temperature variable x ≡ m DM /T . Assuming the particles are stable over the lifetime of the universe, these abundances remain constant after particle annihilations cease and the particle has "frozen-out." For weakly interacting particles, this typically occurs for x ∼ 10. The self-annihilation cross-section of dark matter can be expanded in powers of inverse x: σv
, where these give the s-wave, pwave, etc. annihilation components. 2 We can often approximate σv by the lowest order non-vanishing term in its expansion. The temperature at which dark matter annihilations freeze-out is well described by [19] (rather than H ∝ T 2 ) [16, 17] , which substantially alters the freeze-out calculation. 2 If the mediators of the annihilations are light compared to mDM this expansion is not always valid [18] .
in terms of K ≡ a(n + 1)
√ g M Pl m DM σ n , where a 0.145g/g S for dark matter with g internal degrees of freedom, for a thermal bath with g massless degrees of freedom, and g S entropy-normalized massless degrees of freedom, as defined in [19] . Note, for the Standard Model g = g S 107 at temperatures in excess of 200 GeV.
Here we consider the scenario that particle dark matter reproduces the observed dark matter relic abundance through freeze-out to an over-abundance during radiation domination, followed by a period of dilution. The relic density of freeze-out dark matter followed by subsequent entropy injection (cf. Eq. (2.3)) is
The numerical prefactors in Eq. (2.5) are for Majorana fermion dark matter, although this can be easily adapted, e.g. for a Dirac fermion, by multiplying by a factor of two.
Next we specify the dark matter annihilation cross-section σ n in Eq. (2.5) and calculate the dark matter relic density as a function of dark matter mass m DM , coupling strength α DM , and dilution factor ζ. We take the simplest scenario of dark matter freeze-out via s-wave annihilations (n = 0), as occurs if the dark matter annihilations to quarks through a vector mediator V . Specifically, suppose that the mass of the dark mediator is the same scale as the dark matter, m V ∼ m DM and parameterize the s-wave cross section as follows
In this case the relic dark matter abundance (for n = 0) is
The size of ζ required to reproduce the observed relic density is shown in Figure 1 for s-wave and p-wave cases. The dilution factor indicated in Eq. (2.7) of ζ ∼ 10 −5 implies the initial baryon asymmetry is required to be η initial B ∼ 10 −5 , since the final baryon asymmetry will be
In the Affleck-Dine scenario it has been argued [14] that there is an upper bound on the magnitude of asymmetry that can be generated
where an O(1) asymmetry can be generated if a baryon-charged field dominates the energy density of the universe when it decays. We are unaware of well-motivated mechanisms which can yield larger (or even comparable) asymmetries. Perturbative unitarity [7] requires that the annihilation cross-section be smaller than Using Eq. (2.7) to ensure that the observed relic density is reproduced, and applying restrictions from Eq. (2.9) and (2.10), we derive the following upper bound on the mass of thermal dark matter which freezes-out through perturbative s-wave annihilations,
This can also be inferred directly from Figure 1 . It is straightforward to generalize this bound to annihilation cross-sections that are not predominantly s-wave (n ≥ 1). Because this bound applies to a definite cosmological history (high scale baryogenesis and dark matter freeze-out, followed by dilution), there are a number of caveats, but they do require some model building to realize. Specifically, we can list a number of ways that dark matter could be heavier:
• Low scale baryogenesis, with η B (re)generated after an entropy injection.
• Dark matter could freeze-out during a period of matter domination or reheating [16, 17] .
• The dark matter mass could evolve to larger values at late time, after dark matter freeze-out, due to the evolution of a scalar potential that sets its mass [20] .
• The dark matter could form heavy bound states after freeze-out of the Standard Model thermal bath, as in "Atomic Dark Matter" [21, 22] .
Even with these provisos, the class of models to which our arguments apply is broad. Indeed, Affleck-Dine baryogenesis and late time entropy production are common features in Standard Model UV completions in SUSY and string theory. Before moving on it is interesting to note that since the dark matter is overproduced prior to the entropy injection it can have much smaller couplings than un-diluted thermal relic dark matter. From inspection of Eq. (2.5) the annihilation cross section needed to reproduce the relic density, relative to standard freeze-out, is reduced by a factor of ζ. For many models of dark matter, this will relax direct detection constraints whenever ζ 1. At a rough, order of magnitude level, if we assume the per-nucleon dark matter direct detection scattering cross-section σ N , is approximately the size of the dark matter self-annihilation cross-section σ N ∼ σ 0 , we can surmise that some portions of superheavy dark matter parameter space lie at direct detection cross-sections below the atmospheric and solar neutrino background.
At high masses (m DM > 100 GeV), the cross section at which solar and atmospheric neutrinos provide a substantial background to direct detection experiments is
The annihilation cross section required to match Ω Relic DM h 2 is σ 0 ζ × 10 −10 GeV −2 (taking
. Therefore, assuming σ N ∼ σ 0 , the dark matter direct detection signal lies above the neutrino background whenever
The values indicated are chosen to match Eq. (2.7), thereby demonstrating that superheavy dark matter may be found before solar and atmospheric neutrinos provide a significant background to xenon direct detection experiments. There are some studies of direct detection [23] and indirect detection [24, 25] of non-thermal superheavy dark matter. We leave the investigation of methods for finding superheavy thermal dark matter to future work.
Asymmetric Dark Matter & Entropy Injection
If dark matter carries a global charge, an asymmetry between dark matter and anti-dark matter can arise which is responsible for setting the dark matter relic density [12, 13] . Henceforth for concreteness we shall assume that the dark matter is a Dirac fermion (it could equally be a complex scalar). If the dark asymmetry determines the relic abundance, then
where m p ≈ 0.94 GeV is the proton mass, and we note that the observed ratio of dark-tobaryonic matter is approximately 5.5 [15] . For example, normalizing to PeV mass asymmetric dark matter, the final asymmetry needed to match the observed dark matter relic density is
For the asymmetry η DM to determine the relic density the symmetric component of the dark matter population must annihilate away, so that mostly the asymmetric component remains [26, 27] . As a result the dark matter mass can typically be constrained by unitarity arguments [7] to be m DM 100 TeV (assuming dark matter annihilates via perturbative processes). However, as illustrated in Section 2, entropy injection (e.g. from a late-decaying field) can dilute both symmetric and asymmetric dark matter components, thereby evading the naïve unitarity bound.
Hereafter, we will examine a scenario in which the asymmetries η B and η DM are too large in the early universe, compared to their values today. As we will see, it is possible for dark matter with PeV-EeV mass to have a perturbative annihilation rate large enough to reduce the symmetric dark matter component below the contribution due to the asymmetry. In this case, both the asymmetric and symmetric dark matter components will be initially larger than the observed relic abundance. A subsequent period of entropy production dilutes the symmetric and asymmetric components of the dark sector, along with the baryon asymmetry, altogether yielding the abundances observed today. 3 The abundance of dark matter prior to the entropy injection, but after it freezes out of the thermal bath, is given by
The first term of Eq. (3.3) corresponds to the symmetric abundance of dark matter-anti dark matter pairs, the latter term is the abundance due to the asymmetry. Following the entropy dump the quantities Y Sym and η DM are both reduced by a factor of ζ. Therefore, the present day relic density is altogether given by
where s 0 ≈ 2.8 × 10 3 cm −3 is the entropy density today and ρ c ≈ 10 −5 h 2 GeV cm −3 is the critical density. For the asymmetry to determine the final relic density, inspection of Eq. (3.4) reveals that after freeze-out, the symmetric abundance must satisfy Y FO Sym η FO DM . This requires that the freeze-out dark matter annihilation cross section is large enough to deplete Y Sym to a size smaller than η DM .
The contribution to the freeze-out abundance from the symmetric component of dark matter after freeze-out, assuming freeze-out from a radiation dominated universe and a subsequent entropy dilution ζ, is given by The term in brackets is the standard symmetric freeze-out expression for a Dirac fermion (note the extra factor of two compared to (2.5)). However, the point of freeze-out x AF is modified due to the asymmetry, and in the limit T FO 100 GeV can be approximated as [31] (see also [32] )
Freeze-out still typically occurs for x AF ∼ O(10) and remains only logarithmically sensitive to changes in cross-section and mass. Taking a value x AF 20 which is characteristic for PeV mass asymmetric dark matter, the relic abundance is parametrically
Comparing the first term (Ω relic Sym ) to the latter (Ω relic Asym ), we see that for suitable parameter values, the condition Ω relic Sym Ω relic Asym is satisfied. The viable parameter space is illustrated in Figure 2 . As can be seen, in the presence of a sizeable entropy injection after dark matter freeze-out, models of PeV-EeV mass asymmetric dark matter can reproduce the observed dark matter relic abundance, given a suitably large initial dark and baryon asymmetry.
Entropy from Decays
Thus far we have treated ζ as a free parameter. In this section we examine mechanisms that lead to entropy injection in order to quantify the magnitude of ζ. We subsequently discuss the model building implications and constraints on such scenarios. In Section 5 we will highlight the importance of entropy injection for obtaining the baryon (and DM) asymmetries in Affleck-Dine models.
Magnitude of the Entropy Injection
Entropy injection can come from a variety of sources, perhaps the most typical are heavy states decaying to the thermal bath, e.g. [2, 4, 5, [28] [29] [30] 33] , and phase transitions [34] . Henceforth, we focus on the former, in which the entropy injection is due to a state χ, which comes to dominate the energy density of the universe after dark matter freezes-out, and subsequently decays to Standard Model states.
In order for a substantial dilution to take place, we require that the energy density in χ when it decays greatly exceeds the energy density in all other fields in the universe. The entropy jump in the Standard Model radiation bath due to the decays of χ is given by
where ρ rad,χ is the energy density in radiation bath and χ states respectively. At the time of decay (H ∼ Γ χ ) the energy density in χ is ρ χ = 3Γ χ M Pl . Below some critical temperature, the energy density of χ starts evolving as a −3 (matter-like), compared to the radiation bath which redshifts like a −4 (radiation-like), where here a is the standard FRW scale factor. This relative evolution leads to χ coming to dominate the energy density of the universe. There are primarily two reasons for ρ χ to have matter-like evolution in the early universe: (i.) χ is a particle that is non-relativistic and thermally decoupled from the rest of the universe; (ii.) χ is a light, slowly decaying bosonic field oscillating in its potential, so that its average equation of state is w ∼ 0 (i.e. matter-like). In the first case (i.) χ starts evolving as a −3 at T crit ∼ m χ , when the temperature of the thermal bath drops below m χ and its momentum becomes negligible. For case (ii.) χ becomes matter-like when the χ field begins to oscillate around its minimum when m χ ∼ H or equivalently T crit ∼ 3m χ M Pl , assuming a simple quadratic potential for χ, i.e. V ⊃ m 2 χ χ 2 . We will restrict our attention to models in which dark matter freeze-out occurs prior to the energy density of χ becoming matter-like, T FO ∼ m DM T crit . In this case freeze-out occurs during radiation domination. When χ decays it reheats the thermal bath to a temperature T RH and dilutes asymmetries and frozen out abundances. For m DM > m χ decays of χ to dark matter are kinematically forbidden, thus the dark matter is diluted and not repopulated during χ decays, and for T FO T RH , interactions in the thermal bath will no longer produce dark matter states.
The Friedman equation giving the evolution of the energy density for H(T crit ) > H > Γ χ is given by
where ∆a ≡ a(T )/a(T crit ) is the change in the scale factor after ρ χ became matter-like, and R i ≡ ρ i /(ρ χ + ρ rad ) crit is the relative energy densities of χ and the Standard Model radiation at some initial point in time, in this case at the time when T = T crit . As one example, note that if χ is a particle initially in thermal equilibrium with the radiation bath, but has an extremely weak self-annihilation cross-section, then R χ R rad g/g ∼ R rad /100 [19] . Conversely, if χ is a scalar field oscillating in its potential, or was produced by an out-of-equilibrium decay, then potentially R χ /R rad 1. Note that in Eq. (4.2) we have neglected the contribution from dark matter, since this is Boltzmann suppressed after freeze-out ρ DM ∝ exp(−x FO ) 1, and for the cosmological epochs we are considering, will not come to dominate the energy density of the universe.
For H(T crit ) > H > Γ χ the contribution from χ grows and becomes comparable to the radiation energy density at T = T MD , or after a period
3)
The χ energy density continues to grow until it decays to radiation at H ∼ Γ χ , this occurs after
where in deriving Eq. (4.3) and (4.4) we have assumed that χ is sufficiently long lived that it dominates Eq. (4.2), otherwise the entropy change would be negligible. We can find ρ χ at the time of χ decay H ∼ Γ χ by evolving χ's energy density with Eq. (4.4) to obtain
We can also find ρ χ at the time of χ decay as a function of the reheat temperature
Note that in the Standard Model g (T )π 2 /30 35 for T > 200 GeV [19] . On the other hand, the energy density in the radiation ρ rad immediately prior to χ decay is
Inserting Eqs. (4.4)-(4.7) into Eq. (4.1), it follows that
Assuming that the ratio of energy densities at T = T crit are R rad /R χ 1, the dilution is
T RH 10 MeV
where we normalize to the maximum dilution permitted by high scale baryogenesis, and the reheat temperature after χ decays T RH 10 MeV, which is the minimum temperature the Standard Model thermal bath must return to in order to reproduce big bang nucleosynthesis (BBN) observations.
For the case that dark matter freezes out through s-wave annihilations with cross section σ 0 ∼ α 2 DM /m 2 DM , Eq. (2.7) combined with Eq. (4.9) (which assumes R rad /R χ 1) determine the dark matter mass required to match the observed relic for given values of the reheat and critical temperatures
(4.10)
The Dilution Parameter Space
The critical temperature at which the evolution of ρ χ becomes matter-like is not a free parameter, but is fixed by the details of the model. Below we look at the constraints on T crit corresponding to a decaying state at one time in thermal equilibrium with the radiation bath, T crit ∼ m χ , and an oscillating field where T crit ∼ 3M Pl m χ . For the models outlined in Sections 2 & 3 to be consistent they are required to satisfy the following criteria: a). Standard Model reheating (decay of χ) occurs above BBN temperatures. b). The universe is radiation-dominated during dark matter freeze-out.
c). The entropy jump occurs after freeze-out.
d). χ dominates the energy density of the universe when it decays.
Below we discuss how each of these requirements restricts the parameter space: a). The Standard Model is reheated above the BBN threshold: T RH Γ χ M Pl 10 MeV. From Eq. (4.10), which assumes R χ /R rad = 1 and a freeze-out annihilation cross-section σ 0 ∼ 1/m 2 DM , it follows that Dark matter freeze-out during a period of matter-domination is certainly possible, but the relic density calculation is altered since the Hubble rate is different and the dark matter abundance becomes sensitive to the decay widths of the late decaying scalar χ. Particularly, the decay width of χ to dark matter can be responsible for setting the dark matter relic abundance [16] . We leave a detailed study of superheavy dark matter produced via matter-dominated freeze-out to future work.
c). For the dark matter to be diluted, rather than repopulated, by χ decays, the lifetime of χ should be such that χ decays after dark matter freeze-out. Thus H(T FO ) > Γ χ , or in terms of temperature thresholds T FO T RH ∼ Γ χ M Pl , this implies 13) or equivalently,
Moreover, using Eq. (4.10) this can be expressed in terms of a bound on T crit
The dark matter energy density should not grow larger than the χ contribution at any stage after freeze-out, or radiation domination will not be restored after χ decay. This condition is satisfied for
For scenarios we have considered, this requirement is redundant when compared to condition (a). Figure 3 illustrates how these requirements are complementary in constraining the parameter space for both classes of models. It is evident that a range of dark matter and χ masses reproduce the observed dark matter relic density, while reheating the universe above BBN temperatures. It is interesting to observe that in the parameter space plotted, there is an effective upper bound on the reheat temperature T RH 1 TeV. Higher reheat temperatures imply either freeze-out occurs during matter domination (which changes the freeze-out calculation), or that the dark matter states are repopulated (rather than diluted) following the decays of χ. Notably, for χ as either a particle or an oscillating field, the dark matter mass is permitted to saturate the upper mass bound of 10 10 GeV, derived in Eq. (2.11). Shaded regions indicate constraints on the parameter space, as discussed in points (a.)-(c.) in Section 4.2. These requirements substantially restrict the parameter space, but allow for the dark matter mass m DM to be as large as 10 10 GeV.
Affleck-Dine, Dark Matter, and Large Asymmetries
Observing that SUSY models generically present exactly flat directions in the scalar potential in the limit of unbroken SUSY, Affleck and Dine [1] argued that in the early universe it is natural for scalar fields along these flat directions to initially take large field values. 4 Of primary interest are flat directions which carry a global charge (baryon, lepton, or dark).
One can parameterize such flat directions (a product of superfields) in terms of a new superfield, the scalar component of which is commonly dubbed the AD field (φ). Affleck and Dine demonstrated that the evolution of an AD field from its initial field value can generate particles asymmetries, provided that the potential of the AD field violates C and CP . The AD mechanism has since been thoroughly studied [3] , including its application to dark asymmetries [35, 36] . In what follows we will examine a minimal AD potential and calculate the resulting particle asymmetry. Our aim is to clarify which models typically lead to large asymmetries O(10 −8 ) η B O(1) due to AD baryogensis and thus require significant late time entropy dilution to reproduce the observed level η now B ∼ 10 −10 . We will also outline AD dark/co-genesis scenarios with η B η DM , which is one requirement of the superheavy asymmetric dark matter studied in Section 4. Broadly following [3] , we take the following AD potential 5 for the complex scalar (AD) field φ
where a and b are complex numbers, m φ is the low-temperature mass of φ and M is a mass scale at which the higher dimension operator is induced. The potential is comprised as follows:
• The first term is generated by SUSY-breaking, and becomes relevant for H m φ .
• The second, fourth, and fifth terms are generated by inflaton-induced SUSY-breaking. In particular, the last two terms violate baryon number, as required for baryogenesis.
In the context of SUSY, the form of these terms arises from inflaton F -terms [2, 3] .
• The third term arises from UV corrections at mass scale M . The non-renormalisable term with the highest power of φ 'lifts' the flat direction when H m φ , determining the initial minimum of the AD potential.
In the early universe, while H m φ , the AD potential depends mostly on the second and third terms of Eq. (5.1), and has a minimum at
As the universe cools, eventually H ∼ m φ , at which point φ will roll from φ 0 to the new minimum of its potential and undergo coherent oscillations. The baryon (or other charge) asymmetry that arises depends on φ 0 , and the relative phase between the couplings a and b, which together control the magnitude of CP violation. Using the equations of motion (the Friedmann equations) for a scalar field in de Sitter space, the change in baryon number is given by [3, 35] The χ field starts oscillating when H ∼ m φ and one can use the approximation 6 that 1/t ∼ H ∼ m φ . It follows that when φ begins oscillating, the final two terms in Eq. (5.1) determine the net charge density created in the universe
Equation (5.4) gives the net charge density introduced by the AD field when it begins oscillating, however, the resulting particle asymmetry η B ∼ n B /s also depends upon the relative abundance of other fields in the universe which contribute to s, the total entropy density of the universe. We first consider the simplest scenario, that the universe is radiation-dominated when the AD field rolls down its potential and decays. In this case, the asymmetry is given by [2, 3] 
where we use that the energy density of the radiation-dominated universe is ρ u ∼ 3m Such large initial asymmetries require a subsequent dilution mechanism. This problem is even more apparent in the case that the universe is not radiation dominated, but dominated by the energy in the AD field. If the AD field has an extended period oscillating around its minimum, during which time it redshifts like non-relativistic matter, then its energy density will come to dominate the universe. In this case, the initial particle asymmetry in the universe will be η B ∼ 1 (see [14] for an extended discussion of this point), in which case a very large late time entropy injection is necessary to match observations. One way that the required dilution of baryon number is often achieved in studies of AD baryogenesis [1] [2] [3] , is by assuming that the inflaton dominates the energy density of the universe, and decays later than the AD field. In this scenario the entropy injection of the decaying inflaton field dilutes the AD asymmetry. However, even in this case, the resulting charge asymmetry can still be much larger than that observed: η B η now B 10 −10 . For ρ φ ρ I , where ρ I is the energy density of the inflaton field, which is assumed to be oscillating in its potential (diluting like matter ρ I ∝ a −3 ), the asymmetry is
where T R,I is the temperature at which the inflaton field will decay and here we have used
Pl at the time that φ begins oscillating. Specifically, for n = 1, such that |φ| 6 is the highest dimension operator in the potential of Eq. (5.1), one has
This is the standard result in the literature that achieves the observed particle-antiparticle asymmetry using dilution via the late-decay of the inflaton [2, 3] . However, if the AD mechanism arises from a higher dimension operator (n = 2), the resulting asymmetry will again be typically too large, even allowing for dilution via subsequent inflaton decay at T R,I = 10 9 GeV, as can be seen from the following expression This can be alleviated through stronger dilution due to the inflaton decaying at lower temperatures. Although this approach will run into conflicts with observations if T R,I 10 MeV. Conversely, as has been focus of this paper, an alternative to demanding inflaton energy domination, an entropy injection from a late decaying field can also provide the required dilution of baryon number. As detailed in Section 3, models of superheavy asymmetric dark matter require the dark sector to have a much smaller matter-antimatter asymmetry than the baryonic sector. As we now show, a large ratio of dark-to-baryon asymmetries, η B /η DM 1, can arise if the baryon asymmetry is generated from a higher-dimension operator than the dark asymmetry. For simplicity, we assume that the AD field oscillates and decays to Standard Model fields during a radiation-dominated epoch, and is later diluted by a factor of ζ. We make the reasonable simplifying assumption that both the Standard Model and dark AD fields, φ B and φ D , have symmetries broken at the same high scale M . Then if φ B and φ D have Standard Model and dark asymmetries broken by operators with mass dimension (4+2j) and (4+2k), respectively (cf. Eq. (5.5)), then the relative size of the Standard Model and dark asymmetries is given by
Note that j or k = 1 are special since in these cases the ratio is insensitive to m φ B or m φ D , respectively. One might reasonably expect the masses of φ B or φ D to be comparable since they likely both arise from the same source of SUSY breaking. For example, consider the case that the Standard Model asymmetry arises from an operator of leading dimension-6 operator (j = 1), while the dark asymmetry comes from a leading dimension-8 operator (k = 2), then the resulting relative asymmetry is
(5.12)
The indicated parameter values are chosen to match the well motivated scenario in which the non-renormalisable operators are generated at the Planck scale, thus M = M Pl , and where we have shown m φ B ∼ 1 PeV. In this case the expected ratio of the initial asymmetries is η B /η DM ∼ 10 4 , which is well suited for the models of superheavy asymmetric dark matter outlined in Section 3.
Concluding Remarks
Traditional models of superheavy dark matter set the observed relic abundance via nonthermal mechanisms such as inflationary dynamics [39] , gravitational production [40] , or thermal inflation [20] . The scenario we outline here is distinct in that the dark matter undergoes a standard freeze-out process and its abundance is subsequently diluted due to late time entropy production. We have called this scenario "Superheavy Thermal Dark Matter." Moreover, we believe this is the first paper to construct viable models of superheavy asymmetric dark matter. Thus far we have not specified any UV-completion of superheavy dark matter, but given the links we have drawn to Affleck-Dine baryogenesis, it is interesting to ask whether superheavy dark matter could be the lightest supersymmetric particle of a High Scale SUSY spectrum [41, 42] and thus stable due to R-parity. Such High Scale SUSY have been independently motivated via anthropic arguments involving the Higgs mass [43] and provide an interesting alternative to Weak Scale SUSY. Moreover, to realise superheavy SUSY asymmetric dark matter there are several potential candidates, most prominently Sneutrinos [44] , Higgsinos [45] , or bound states in the hidden sector involved in SUSY breaking [46, 47] .
It is also interesting to note that in certain classes of models the Higgs quartic coupling λ is anticipated to vanish at the scale of the SUSY partners M SUSY . Models which automatically imply the vanishing of the quartic coupling at the SUSY scale occurs in spectra with Dirac Gauginos [48] , or (string-motivated) symmetries in the Higgs sector [49, 50] . Evolution of the observed Higgs quartic under renormalisation then implies M SUSY (λ = 0) ∼ 10 11±2 GeV, as inferred from Standard Model-like running. This PeV-EeV mass scale is intriguing from the prospective of explaining the "missing pulsar problem" [8, 9] and the "SN1a ignition problem" [10] . Moreover, there are several anomalous events observed at IceCube [51] which have been interpreted as potential signals of the decay of superheavy dark matter [52, 53] .
Sources of late time entropy injection commonly arise in UV complete theories, and we have emphasized that they may play a crucial role in diluting the baryon asymmetry to the observed level. Entropy dumps also provide solutions to cosmological problems related to the overproduction of stable exotics, most prominently: gravitinos [54] , axions [55] [56] [57] [58] , axinos [59] and GUT-monopoles [60] . We have shown that these entropy injection events can significantly change our expectation for the mass scales and couplings required for dark matter to match the observed relic density. The prospect of symmetric or asymmetric superheavy dark matter is particularly interesting given the tightening constraints on the traditional WIMP parameter space. In contrast to non-thermal models of superheavy dark matter [20, 39, 40] , in this class of models the dark matter has modest couplings to Standard Model states and can be constrained by direct searches. Additionally, we have argued that for theories of high scale baryogenesis any stable state which is in thermal equilibrium with the Standard Model, and freezes-out of a radiation-dominated bath must be lighter than 10 10 GeV, allowing for maximal entropy injection after freeze-out. This limit follows from the perturbative unitarity limit [7] σ 0 4π/m 2 DM and the maximal asymmetry bound [14] η initial B
1. The framework presented here offers new opportunities for model building, some of which are discussed above; we leave additional implementations to future publications.
